Early disease diagnosis is key for the effective treatment of diseases. It relies on the 26 identification of biomarkers and morphological inspection of organs and tissues.
Introduction

Results
94
Tri-dimensional geometrical models of human liver tissue 95 To identify parameters that can quantitatively discriminate the transition from simple 96 steatosis to early NASH (eNASH) we stained, imaged and digitally reconstructed human 97 liver tissue in 3D. We focused on cell and nuclear morphology, LD, and tissue features such 98 as BC and sinusoidal networks, and their spatial distribution along the CV-PV axis. For this 99 we tested 26 antibodies combinatorially with dyes and antigen retrieval protocols 100 (Supplementary Table 2 ). Our final pipeline (see Methods for details) includes the following 101 steps. First, 100 µm liver sections were heated and antigen retrieved using citric acid buffer 102 (CAAR) . Second, we stained for BC (CD13), sinusoids (fibronectin), nuclei (DAPI), lipid 103 droplets LD (BODIPY) and cell borders (LDLR), optically cleared with SeeDB 19 and imaged 104 at high resolution using multiphoton microscopy (0.3 µm x 0.3 µm x 0.3 µm per voxel)
105
(Extended Data Fig. 1 ). Because this protocol did not provide a good cell border staining of 106 the pericentral hepatocytes in STEA and eNASH, for cell-based measurements (see below 107 Fig. 3 ), we used an alternative protocol without antigen retrieval enabling the staining of 108 sinusoids (fibronectin), nuclei (DAPI), LD (BODIPY) and cell borders (phalloidin). We applied entire liver lobule ( Fig. 2e ), hence contributing to discriminate between STEA and eNASH 158 in the periportal area ( Fig. 2e ).
159
The zonated increase in LD size during disease progression is such that some LD in 160 the pericentral zone become even larger than a normal hepatocyte. This leads to global 161 changes in tissue structure. To quantify such changes, we measured the spatial distribution 162 of cell density, cell volume and percentage of cell volume occupied by LD. We found ∼50% 163 reduction in the number of hepatocytes located between the CV and the middle zone in 164 STEA and eNASH, when compared with NC and HO samples ( Fig. 3a ). This reduction was 165 compensated by a massive increase in cell volume (Fig. 3b ). Hepatocytes were two times 166 larger than the average size ( Fig. 3b) , reaching values up to up to ~100,000 µm 3 for STEA 167 and NASH (ten times bigger than a small hepatocyte) ( Fig. 3c) . A population analysis of the 168 hepatocytes based on their volume revealed a characteristic distribution of different cells 169 populations along the liver lobule ( Fig. 3c-f ). STEA and eNASH were characterized 170 predominantly by small and large hepatocytes which are anti-correlated along CV-PV axis 171 ( Fig. 3d-f ). Even though cell density and cell volume were practically indistinguishable 172 between STEA and eNASH, we observed a remarkable phenotype regarding the fraction of 173 cell volume occupied by LD ( Fig. 3g -i). In eNASH, hepatocytes accumulated LD even in the 174 periportal zone (Fig. 3h, 3i and Supplementary Video 3), suggesting that LD accumulation 175 progressively extends to the PV as the disease progresses.
176
Altogether, these data reveal profound quantitative morphological disparities in cell 177 size and LD content along the CV-PV axis between NC, HO, STEA and eNASH. Specifically, 178 the percentage of cell volume occupied by LD in the PV and CV zones can serve to 179 discriminate STEA and eNASH.
180
Alterations in apical protein trafficking
181
The massive presence of LD that occupy a large portion of the cytoplasm raises the 182 question of whether trafficking of proteins to the apical plasma membrane of hepatocytes is 183 affected. We analysed the localization of four apical proteins, aminopeptidase N (CD13), 
199
Even though we observed a slight reduction in the total length of the sinusoidal network in 200 STEA and eNASH (Extended Data Fig. 4e ), no major defects in sinusoidal microanatomy 201 were detected (Extended Data Fig. 4a -d, f-g) (volume fraction, radius, branching and 202 connectivity). Next, we analysed the BC network. Contrary to the very packed and 203 homogeneous appearance in NC and HO, the BC in STEA and eNASH displayed clear 204 morphological defects which were more pronounced in the pericentral zone ( Fig. 4a, b ). A 205 more detailed analysis revealed a sustained increase in BC radius in NASH throughout the 206 CV-PV axis (Fig. 4d ). In addition, in both STEA and eNASH, we observed a strong reduction 207 in the total length of the BC towards the pericentral zone ( Fig. 4a and f). Other geometrical 208 properties of the BC network, such as volume fraction and junction density were unaffected 209 ( Fig. 4c and e ).
210
Finally, to investigate the topological properties of the BC network, we performed an 211 analysis of network connectivity (see Methods) . Surprisingly, we found a pronounced decay 212 in the connectivity in STEA and eNASH towards the pericentral region ( Fig. 4a , b, g and h,
213
Supplementary Video 4). One possibility is that the alterations in BC may be the 214 consequence of the spatial constrains arising from the presence of large cells in the tissue 215 ( Fig. 3f ). To test this, we inspected the connectivity of the sinusoidal network. We found that 216 no defect was observed for the sinusoidal network (Extended Data Fig. 4a , f and g),
217
supporting the idea that the BC network is specifically affected and not an indirect 
241
No free parameters remained and, hence, no parameter fitting was needed (see Methods
242
for details). Next, we applied this model to predict bile velocity, pressure and solute 243 concentration distributions across the liver lobule for individual patients liver tissue 3D 244 reconstructions from all the four groups.
245
The model predicts bile velocities in the periportal area of about 1.2 ± 0.4 μm/sec for 246 all patient groups ( Fig. 5b-e ). Very similar velocities have been reported in mouse 16 .
247
However, the predicted pressure in the pericentral area differed significantly between the 248 patient groups. In the NC and HO groups this pressure was predicted to be lower than 1500 249 Pa in all patients (963.2 ± 285.2 Pa, mean ± SD) ( Fig. 5b-c) . This is consistent with the 250 reported maximum biliary secretion pressure of 1,000-1,500 Pa in the extrahepatic biliary 251 system in rats 38 . In the STEA and eNASH groups, the model predicted an abrupt increase of bile pressure toward the pericentral zone ( Fig. 5d-e ). For six STEA and eNASH patients 253 (55%), the pericentral pressure exceeded 1,500 Pa and for four patients (36%) it exceeded 254 twice the maximum pressure predicted for NC (3000 Pa) ( Fig. 5d-e ). The compensatory 255 effect in bile pressure observed in eNASH is mostly due to the dilation of BC (Fig. 4d ).
256
Therefore, our model predicts an increase in pericentral bile pressure in STEA and eNASH 257 conditions ranging from relatively mild to quite severe, depending on the BC geometry of 258 individual patients.
259
We next set out to validate the model predictions. As it is impossible to measure bile 
266
we found that both bilirubin and GGT were elevated in STEA and eNASH (Extended Data 267 Fig. 6a-b ), we did not detect significant changes in the levels of ALP, total BAs and primary 268 BAs between the groups (Extended Data Fig. 6c, 7b,d) . Strikingly, when we analysed the 269 correlation between the predicted pericentral bile pressure and the biomarkers for individual 270 patients from all groups, we found a strong correlation for the majority of the cholestatic 
Discussion
283
High definition medicine provides a novel approach to understand human health of 284 individuals with unprecedented precision 1 . One of its pillars is the combination of image 285 analysis and computational modelling to uncover tissue alterations at different structural and 
328
Interestingly, not all apical proteins were missorted, suggesting that trafficking defects could 329 be pathway-(transcytosis) and/or cargo-specific. Such defects in protein trafficking 330 correlated with the reduction of BC connectivity in the pericentral zone. This is the first time Fig. 9 ). This could lead to back-flux of primary BA into the blood (Extended Data Fig. 8d ),
356
reducing the availability of primary bile acids to be converted into secondary bile acids by 357 the microbiota in the intestine (Extended Data Fig. 7e ).
358
The combination of experimental data with computational models of tissues has 359 proven successful in elucidating pathogenetic mechanisms using animal models 16,63,64 .
360
However, animal models very often fail to mimic human diseases 65 , including NAFLD 66 . In 361 this study, the geometrical models of liver tissue from human biopsies combined with 362 spatially-resolved computational simulations revealed new aspects of NAFLD pathology.
363
This approach may help to identify biomarkers for early disease diagnosis and predict the 364 functional status of the tissue with potential applications in high-definition medicine 1,67,68 . 
